Bacillus subtilis spores can germinate with a 1:1 chelate of Ca 2؉ and dipicolinic acid (DPA), a compound present at high levels in the spore core. Using a genetic screen to identify genes encoding proteins that are specifically involved in spore germination by Ca 2؉ -DPA, three mutations were identified. One was in the gene encoding the cortex lytic enzyme, CwlJ, that was previously shown to be essential for spore germination by Ca 2؉ -DPA. The other two were mapped to an open reading frame, ywdL, encoding a protein of unknown function. Analysis of ywdL expression showed that the gene is expressed during sporulation in the mother cell compartment of the sporulating cell and that its transcription is E dependent. Functional characterization of YwdL demonstrated that it is a new spore coat protein that is essential for the presence of CwlJ in the spore coat. Assembly of YwdL itself into the spore coat is dependent on the coat morphogenetic proteins CotE and SpoIVA. However, other than lacking CwlJ, ywdL spores have no obvious defect in their spore coat. Because of the role for YwdL in a part of the spore germination process, we propose renaming ywdL as a spore germination gene, gerQ.
Bacillus subtilis is a well-studied gram-positive soil organism that when starved for one or more nutrients can initiate the developmental program of sporulation that eventually leads to the production of metabolically dormant spores (16) . These spores can survive for long periods of time in the environment (57) . However, in response to particular nutrients, termed germinants, the spores can come back to life through the process of germination, followed by outgrowth and conversion to vegetative cells (39) . Spore germination has been separated into two distinct and sequential stages (47, 56) . The first is germinant recognition by specific receptors. A number of studies have identified and localized the major germinant receptors that sense the nutrients that trigger germination (26, 45) . Germinant-receptor interaction then leads to the release of the large depot (ϳ10% of the spore's dry weight) of pyridine-2,6-dicarboxylic acid (dipicolinic acid [DPA] ) that is present in the core region of the dormant spores. This DPA is likely to be in a 1:1 chelate with divalent cations, predominantly Ca 2ϩ (22) . After their DPA release, spores can be arrested at this stage if they lack the two major cortex lytic enzymes, CwlJ and SleB, that are needed to progress through the second stage of germination, which requires hydrolysis of the spore's peptidoglycan cortex (47, 56) . However, CwlJ and SleB have redundant functions, since in the absence of either one, cortex hydrolysis is complete and spores can eventually become vegetative cells (27) . The spore cortex peptidoglycan is formed between the spore's inner and outer membranes, and cortex hydrolysis is necessary for outgrowth to occur. This cortex has one major spore-specific modification that allows its recognition by CwlJ and SleB (2, 50) .
It was reported many years ago that in addition to nutrients, a 1:1 chelate of Ca 2ϩ -DPA can also trigger spore germination (53) . Studies on the mechanism of Ca 2ϩ -DPA-induced spore germination have shown that the germinant receptors are not involved (46) , and it appears likely that exogenous Ca 2ϩ -DPA as well as endogenous Ca 2ϩ -DPA released early in spore germination can activate the cortex lytic enzyme, CwlJ, and hence allow progression through the second stage of the germination process (42) . While CwlJ has been shown to be essential for spore germination with Ca 2ϩ -DPA (42), it is not clear if other proteins are involved in this process. In this work we report the results of a genetic screen to identify mutations in other genes essential for spore germination with Ca 2ϩ -DPA. This screen has identified a mutation in cwlJ itself, as expected, and in a new gene, ywdL. Functional analysis of ywdL showed that YwdL is present in the spore coats, a proteinaceous layer surrounding the spore's outer membrane. YwdL was found to be essential for the localization of CwlJ in the spore coats and thus for Ca 2ϩ -DPA-induced spore germination.
MATERIALS AND METHODS
Strains and plasmids used in this study. The B. subtilis strains and plasmids used in this study are listed in Table 1 . However, many of the strains used for mapping (obtained from the Bacillus Genetic Stock Center, Ohio State University) are not listed. The B. subtilis strains are all derivatives of strain 168, and strains constructed in this work were prepared by transformation with either chromosomal DNA or plasmid DNA (1) . The genotypes of strains arising from transformation with plasmid DNA were confirmed by Southern blot analysis (34) . Escherichia coli strains TG1 and DH5␣ were used for the production of plasmids (34) .
Two of the isolated ger mutations, mut-5 and mut-16, were transferred by congression to the wild-type strain PS832 (9) . In these congressions, chromosomal DNA from the mutant strain was transformed along with either a nonreplicating plasmid that integrates into the recipient chromosome at a specific locus by a double-crossover event or a derivative of the replicative plasmid pUB110 that does not integrate into the B. subtilis chromosome (7) . Plasmid pFE170 was used as the integrative plasmid because it introduces a selectable (46) , while plasmid pFE50, which provides kanamycin resistance (Km r ), was used as the replicative plasmid. Transformants in congression experiments were selected by their antibiotic resistance, and these colonies were screened for the acquisition of the ger phenotype by a plate assay (see "Spore germination" below). With congression being a rare event, only 1 to 2% of the selected colonies carried the ger mutation. The resultant strains KB1 and KB2, carrying mutations mut-5 and mut-16, respectively, were used for the genetic mapping experiments.
Plasmid pKE7, containing the 3Ј end of the ywdL gene, was constructed as follows. The 3Ј region of ywdL (45 bp upstream and 156 bp downstream of the ywdL translation stop codon) was amplified by PCR (primer sequences are available on request) from chromosomal DNA of strain PS832 and cloned into plasmid pCR2.1 (Invitrogen) to give plasmid pCywdL-TA. The insert was sequenced and recovered as a PstI-XbaI fragment (sites introduced into the PCR primers), and the fragment was inserted between the PstI and XbaI sites in plasmid pSGMU2 (20) , giving plasmid pKE7. This plasmid was used to transform B. subtilis PS832 to chloramphenicol resistance (Cm r ) by a single-crossover event such that the ywdL open reading frame (ORF) is not disrupted by the insertion of the chloramphenicol cassette.
Plasmid pKE15, which carries the internal region of the spsA coding region, was constructed as follows. A 277-bp region within the 768-bp spsA ORF (from bp 127 to 404 downstream of the translation start codon) was amplified by PCR from chromosomal DNA of strain PS832 and cloned into plasmid pCR2.1. The insert was sequenced and recovered as an EagI-XbaI fragment (sites introduced into the PCR primers), and the fragment was inserted between the EagI and XbaI sites in plasmid pFE140 (46) , giving plasmid pKE15. This plasmid was used to transform B. subtilis PS832 to macrolide-lincosamide-streptogramin B resistance (MLS r ) by a single-crossover event such that the spsA ORF is disrupted by the MLS r cassette. The spsA insertional mutants had no defect in their sporulation or in their spore germination with Ca 2ϩ -DPA. To construct plasmid pKE21, which carries an internal fragment of the spsL coding region, a 261-bp fragment from within the 453-bp spsL ORF (from bp 121 to 382 downstream of the translation start codon) was amplified by PCR from chromosomal DNA of strain PS832 and cloned into plasmid pCR2.1, and the insert was sequenced and recovered as a ClaI-EcoRI fragment (ClaI site introduced into the 5Ј PCR primer and EcoRI site present in plasmid pCR2.1). The fragment was inserted between the ClaI and EcoRI sites of plasmid pJL74 (31), giving plasmid pKE21, and this plasmid was used to transform B. subtilis PS832 to spectinomycin resistance (Sp r ) by a single-crossover event such that the spsL ORF is disrupted by the insertion of the Sp r cassette. The spsL insertional mutants had no defect in their sporulation or in their spore germination with Ca 2ϩ -DPA. Plasmid pKE28, used to generate a deletion of ywdL, was constructed in two steps. The 5Ј region of ywdL (137 bp upstream and 64 bp downstream of the translation start codon) was amplified by PCR from chromosomal DNA of strain PS832 and cloned into plasmid pCR2.1, and the insert was sequenced and then recovered as a SpeI-BamHI fragment (sites introduced into the PCR primers). The fragment was inserted between the SpeI and BamHI sites of plasmid pJL74 (31) upstream of the Sp r cassette, giving plasmid pNywdL-spc. The 3Ј region of ywdL was recovered as a PstI-EcoRI fragment from plasmid pCywdL-TA (described above) and was inserted between the PstI and EcoRI sites of plasmid pNywdL-spc, downstream of the Sp r cassette, giving plasmid pKE28. Plasmid pKE28 was used to transform B. subtilis strains to Sp r by a double-crossover event such that the internal part of the ywdL ORF is deleted and replaced by the Sp r cassette. A translational fusion of ywdL to lacZ was constructed as follows. The region encompassing 194 bp upstream and 17 bp downstream of the translation start codon of ywdL was PCR amplified from chromosomal DNA of strain PS832 and cloned into plasmid pCR2.1, and the insert was sequenced and removed as an EcoRI-BamHI fragment (EcoRI site present in the pCR2.1 vector and BamHI site present in the 3Ј PCR primer). This fragment was inserted between the EcoRI and BamHI sites of plasmid pJF751 (19) to create plasmid pKE41, such that the 5Ј region including the first seven codons of ywdL is fused in frame to the amino-terminal end of the lacZ gene. Plasmid pKE41 was used to transform B. subtilis strains to Cm r by integration at the ywdL locus through a singlecrossover event. Similarly, plasmid pKE64 was constructed so that it carries the 5Ј region including the first four codons of cwlJ in frame with the amino-terminal end of the lacZ gene.
The fusion of ywdL to the amino-terminal end of gfp was also in frame and was constructed as follows. The complete coding region of ywdL (minus the first two codons and the stop codon) was amplified by PCR with chromosomal DNA from strain PY79 as the template. The resulting fragment was digested with EcoRI and XhoI (sites introduced into the PCR primers) and was cloned into similarly digested pKL168 (32) , giving plasmid pCVO289. This plasmid was used to transform strain PY79 to Km r by a single-crossover event, producing strain CVO1724. In this strain gfp is fused in frame to the 3Ј end of ywdL at the ywdL locus. Therefore, the ywdL-gfp fusion in strain CVO1724 is the only complete ywdL gene.
To fuse either the first 3 or first 122 codons of ywdL to the amino-terminal end of the gfp gene, plasmid pKE69 was constructed as follows. Plasmid pCVO119 (15) was digested with SphI, and the sites were made blunt with T4 DNA polymerase (New England Biolabs) and then digested with KpnI. The fragment released from pCVO119 that carries the gfp gene downstream of a multiple cloning site was ligated to HincII-KpnI-digested pFE140, which carries an MLS r cassette, producing plasmid pKE69. The region encompassing 194 bp upstream and 6 bp downstream of the ywdL translation start codon was amplified by PCR from chromosomal DNA of strain PS832 and cloned into plasmid pCR2.1, and the insert was sequenced and removed as an EcoRI-XhoI fragment (EcoRI site present in pCR2.1 and XhoI site present in the 3Ј PCR primer). This fragment was then ligated to EcoRI-XhoI-digested pKE69, giving plasmid pKE70. This plasmid was used to transform strain PS832 to MLS r by a single-crossover event such that the gfp gene is in frame with the first three codons of ywdL. Similarly, the region starting from 99 bp upstream to 363 bp downstream of the ywdL translation start codon was amplified by PCR from chromosomal DNA of strain PS832 and cloned into plasmid pCR2.1, and the insert was sequenced and removed as an EcoRI-XhoI fragment (sites present in the PCR primers). This fragment was ligated to EcoRI-XhoI-digested pKE69, giving plasmid pKE71. (34) , supplemented when necessary with the following antibiotics (in milligrams per liter): ampicillin (100), spectinomycin (100), erythromycin (1) and lincomycin (25) (MLS), chloramphenicol (5), kanamycin (10), or tetracycline (7) .
B. subtilis strains were routinely sporulated at 37°C by nutrient exhaustion on 2ϫ SG medium agar plates for 6 to 8 days, and the spores were harvested by scraping them off the agar surface as previously described (43) . The spores were purified by sonication and repeated washing with cold distilled water. All spore preparations were free (Ͼ99%) of vegetative and sporulating cells and were stored in distilled water at 12°C in the dark (41) . B. subtilis strains used for transduction by phage PBS1 were grown at 37°C in Penassay broth (PAB) medium (24) . For studies of gene expression during sporulation at 37°C, B. subtilis strains were grown and induced to sporulate by the resuspension method (59) .
Spore germination. B. subtilis spores were germinated by nutrients or Ca 2ϩ -DPA. Spores in water (optical density at 600 nm [OD 600 ] of 50) were heat activated (70°C, 30 min), cooled on ice, diluted to an OD 600 of 1 in 2ϫ YT medium plus 10 mM L-alanine, and incubated at 37°C as described previously (42 The germination of spores in nutrients was monitored by measurement of the changes in OD 600 as described previously (38, 44) . This assay was not used for monitoring germination by Ca 2ϩ -DPA, since there was a slow precipitation of the mixture of 60 mM Ca 2ϩ and DPA at a ratio of 1:1 during incubation (53) . Instead, spore germination with Ca 2ϩ -DPA was monitored by checking the spores with phase-contrast microscopy or by a plate assay. The plate assay described previously (38, 44) was modified slightly to test well-sporulated colonies for spore germination by Ca 2ϩ -DPA. Individual B. subtilis colonies were patched onto 2ϫ SG agar plates and were sporulated by incubation at either 25°C (for 20 days) or 30 or 37°C (for 10 days); the plates were wrapped in plastic bags to reduce drying. The sporulated colonies were lifted onto Whatman 3MM filter paper disks that were then baked at 70°C for 3 h to kill any remaining vegetative cells. After cooling to room temperature, the filters were soaked in the germination medium (60 mM Ca 2ϩ -DPA [pH 8.0] and 1 mg of 2,3,5-triphenyltetrazolium chloride per ml, plus 5 mM glucose for color enhancement [44] ) and left in a covered petri dish at either 25 or 42°C for 6 to 10 h. The colonies that contain germinated spores turn red in this assay because they reduce the tetrazolium dye, while dormant spores do not (38) .
Mutagenesis and enrichment. Four independent batches of exponentially growing cells of B. subtilis FB72 (⌬gerA::spc ⌬gerb::cat ⌬gerK::ermC) or FB104 (⌬gerA::spc ⌬gerb::cat ⌬gerk::tet) were mutagenized with ethylmethanesulfonate (EMS) as follows. Cells were grown at 37°C in PAB medium to mid-exponential phase (OD 600 of 0.5 to 0.7), 20 ml of cells was centrifuged (2,600 ϫ g, 10 min, 25°C), and the pellet was resuspended in 20 ml of TSS minimal medium (9) . EMS was added, the sample was split into four 5-ml aliquots, and the samples were incubated at 37°C for 1 h. In separate mutageneses the concentrations of EMS used were 1.5, 1.8, and 2.7%. The mutagenized cells were washed twice by centrifugation with 5% sodium thiosulfate, and the percentage of cells killed by the mutagen was determined by spotting appropriate cell dilutions on LB plates before and after treatment with EMS. The level of mutagenesis was estimated from the percentage of the surviving cells that could either not grow on TSS minimal medium plates and/or not sporulate on 2ϫ SG medium plates (17) .
Mutagenized cells were grown in PAB medium at 25 or 30°C for 24 h before they were transferred to 2ϫ SG liquid medium for sporulation at either 25 or 30°C. B. subtilis cells grow and sporulate equally well at both 25 and 30°C, but we found the sporulation to be significantly faster at 30 than at 25°C. For this reason only one batch of mutagenized cells was grown and sporulated at 25°C; the others were grown and sporulated at 30°C. Spores were purified and germinated in liquid by Ca 2ϩ -DPA at 42°C (nonpermissive temperature) for 1 to 2 h as described above, and the mix was heated at 70°C for 1 h to kill any germinated spores and then pelleted by centrifugation (2,600 ϫ g, 10 min, 25°C). In order to separate the spores from the Ca 2ϩ -DPA precipitate that is slowly formed during germination, we took advantage of the fact that the precipitate of a 1:1 chelate of Ca 2ϩ -DPA is soluble in excess DPA (53) . Therefore, we treated the germinated spore pellet with 60 mM DPA and washed it twice by centrifugation with distilled water. The washed spores were then germinated again with 60 mM Ca 2ϩ -DPA at 25°C (permissive temperature) for 1 h, and the germinated spores were pelleted by centrifugation, resuspended in PAB medium, and grown at 25 or 30°C for 24 h. Aliquots of these cells were then sporulated in liquid 2ϫ SG medium at 25 or 30°C. The cycle of elimination of spores that germinated at 42°C and recovery of spores that germinated at 25°C was repeated three or four times to enrich for spores that germinate with Ca 2ϩ -DPA at the permissive temperature (25°C) but not at the nonpermissive temperature (42°C). After the final enrichment, 200 individual colonies from each independent mutagenesis were screened by the plate assay described above.
Genetic mapping. The B. subtilis mapping strains 1A627 to 1A645 (from the Bacillus Genetic Stock Center [60] ) and phage PBS1 were used to map our ger mutants as described previously (44) . Additional B. subtilis strains (Table 1) were used for the refined mapping of the mutations. Manipulation of PBS1 was as described previously (13), and the number of phage particles was amplified by three cycles of transduction of each individual B. subtilis mapping strain.
Complementation studies. The transcription units of wild-type and mutant cwlJ were cloned into plasmid pDG364, a plasmid that integrates by a doublecrossover event at the B. subtilis amyE locus (9) . The cwlJ transcription unit was PCR amplified from either PS832 or KB76 [ger-3b mut76(Ts)] chromosomal DNA with primers designed to include the promoter (475 bp upstream of the translation start site), the ORF, and the terminator sequence (85 bp downstream of the translation stop codon) of cwlJ (27) . The PCR product was cloned into plasmid pCR2.1, and the insert was sequenced and recovered as an EcoRIBamHI fragment (sites introduced into the PCR primers) that was inserted between the EcoRI and BamHI sites of plasmid pDG364, giving plasmids pKE53 and pKE55, carrying the wild-type and mutant version of cwlJ, respectively. These plasmids were used to transform B. subtilis strains to Cm r . Transformants in which the cwlJ transcriptional unit was integrated at the amyE locus were identified by their amy phenotype on starch plates (9) .
Since the position of the promoter of ywdL was unknown at the time this work began, the region encompassing 194 bp upstream of the translation start codon as well as the complete ORF and the region 156 bp downstream of the translation stop codon of ywdL were PCR amplified and cloned into plasmid pCR2.1. The insert was sequenced, recovered as a HindIII-EcoRI fragment (sites introduced into the PCR primers), and inserted between the HindIII and EcoRI sites of plasmid pDG364, giving plasmid pKE39. B. subtilis transformants with the ywdL transcription unit integrated at the amyE locus were obtained and identified as described above.
Identification of the ywdL transcription start site by 5 RACE-PCR. The 5Ј end of the ywdL mRNA was determined by rapid amplification of cDNA ends-PCR (5Ј RACE-PCR) (21, 51) . Total RNA was extracted from strains PE436 (sigE ϩ ) and PE437 (sigE). These strains also had a spoIIID mutation, and strain PE436 had a spoIIIG mutation to eliminate G -and K -dependent gene expression (49) . Strains PE436 and PE437 were induced to sporulate in parallel by the resuspension method (59) . Two and a half hours after resuspension, 25 ml of each culture was harvested and the pellets were immediately mixed with an equal volume of methanol at Ϫ20°C. After centrifugation for 5 min at 4,000 ϫ g, the RNA was extracted from the cell pellets by a hot acid-phenol protocol (18) . Twenty-five micrograms of RNA was reverse transcribed by using the Superscript first-strand synthesis system for reverse transcription-PCR (Invitrogen) in the presence of 70 pmol of a gene-specific primer located 465 bp downstream of the predicted promoter region. The cDNA was purified with a QiaQuick purification spin column (Qiagen), a homopolymeric T-tail was added to the 3Ј end of the cDNA with terminal transferase (Roche) according to the instructions of the manufacturer, and the sample was purified with a QiaQuick column. The tailed cDNA served as the template for PCR amplification in the presence of a poly(dA) primer and a second gene-specific primer located 223 bp downstream from the predicted promoter region. The PCR product was gel purified and sequenced by using a primer located 139 bp downstream of the predicted promoter. The transcription start site was defined as the nucleotide immediately preceding the stretch of A residues complementary to the T tail in the sequence of the PCR product. The transcription start site obtained for ywdL from the RNA isolated from strain PE436 is compatible with this mRNA being transcribed by E as predicted by a promoter search approach (15) . In this approach, the pattern search module of the SubtiList website (http://genolist.pasteur.fr /Subtilist) was used to search the region upstream of ywdL for motifs similar to the defined consensus for E (25) . No ywdL mRNA was identified in RNA isolated from strain PE437 (sigE).
Spore titers and DPA assay. Spore DPA content was assayed as described previously (41, 55) . Spore titers were determined as described previously (46) to determine the number of spores that can form colonies on LB medium agar plates. Briefly, spores at an OD 600 of 1 in water were heat activated (70°C, 30 min), and 10-l aliquots of serial dilutions of spores in water were spotted on LB agar plates. The CFU were counted after overnight incubation at 30°C. Spore resistance to sodium hypochlorite and lysozyme. B. subtilis spores at an OD 600 of 1 were treated at room temperature with 0.25% sodium hypochlorite (pH 11.5) in distilled water. Reactions were stopped at different times by the addition of 1% sodium thiosulfate, and aliquots of serial dilutions in water were spotted on LB agar plates to determine the number of the survivors as described above.
B. subtilis spores at an OD 600 of 1 were treated with lysozyme (1 mg/ml) in buffer (20 mM Tris-HCl [pH 8.0], 300 mM NaCl) and incubated at 37°C for 20 min. Aliquots of serial dilutions in water were then spotted on LB agar plates to determine the number of survivors as described above.
Microscopy and photography. For the YwdL-green fluorescent protein (GFP) localization experiments, sporulating cells and dormant spores were viewed with a BX40 microscope (Olympus, New Hyde Park, N.Y.) equipped with an Endow GFP filter (Chroma Technology Corp.). Images were taken with an Olympus Plan phase-contrast objective (magnification, ϫ100; numerical aperture, 1.25) and captured with a Magna-Fire digital camera (Optronics International, Chelmsford, Mass.). Images were processed with Photoshop 3.0 (Adobe, Mountain View, Calif.).
Spore decoating and spore protein extraction and detection. Spores were decoated by treatment for 30 min at 70°C with 0.1 M NaCl-0.1 M NaOH-1% sodium dodecyl sulfate (SDS)-0.1 M dithiothreitol, and the treated spores were washed as described previously (42, 61) .
For CwlJ-His tag detection, ϳ12 mg (dry weight) of spores was dry ruptured (18 times for 30 s each at 30-s intervals) with 100 mg of glass beads in a dental amalgamator (Wig-L-Bug). Soluble proteins were extracted with 50 mM HEPES (pH 7.5)-5 mM EDTA-1 mM phenylmethylsulfonyl fluoride for 30 min on ice, followed by a 5-min centrifugation (13,000 ϫ g, 12°C) as previously described (5) . Both the supernatant (soluble fraction) and the pellet (insoluble fraction) were assayed for the presence of the CwlJ-His tag by Western blot analysis with anti-His tag antibodies (Novagen) as described previously (5) . The CwlJ-His tag protein has been shown to be fully functional and is in the insoluble fraction of spore extracts (5).
For detection of the different YwdL-GFP products, ϳ50 mg (dry weight) of sporulating cells was collected and lyophilized 4 h after initiation of sporulation by resuspension (59) . The cells were dry ruptured, and the soluble proteins were extracted in 400 l of the extraction buffer described above. Both the soluble and insoluble fractions were suspended in 1ϫ sample buffer (23), boiled for 15 min, and separated by SDS-12.5% polyacrylamide gel electrophoresis, and the proteins were transferred to an Immobilon-P membrane (Millipore) (23) . The YwdL-GFP products were detected with a 1:5,000 dilution of anti-GFP polyclonal antibodies (Molecular Probes) and a 1:10,000 dilution of goat anti-rabbit immunoglobulin G-alkaline phosphatase conjugate (Southern Biotechnology Associates) as described previously (23) .
Other methods. Cells were extracted for ␤-galactosidase assays as described previously (41) . ␤-Galactosidase was assayed with the use of either o-nitrophenyl-␤-D-galactoside (4 mg/ml) or 4-methylumbelliferyl-␤-D-galactopyranoside (50 g/ml) as the substrate, as described previously (41); ␤-galactosidase specific activities were expressed in Miller units for o-nitrophenyl-␤-D-galactoside hydrolysis (36) or in picomoles per milliliter · minute · OD 600 unit for 4-methylumbelliferyl-␤-D-galactopyranoside hydrolysis (41) .
Complete sequences of cwlJ and ywdL from the genomes of Bacillus anthracis strain A2012, Bacillus cereus, Bacillus halodurans, and Bacillus stearothermophilus were downloaded from the National Center for Biotechnology Information website (http://www.ncbi.nih.gov) as DNA sequences in contigs and then translated to the predicted protein sequences by DNA Strider. Protein sequence alignments were done with ClustalW (http://www.ebi.ac.uk/clustalw).
RESULTS

Isolation of mutants defective in Ca
2؉ -DPA-induced spore germination. Although germination of B. subtilis spores is commonly triggered by nutrients, these spores can also be germinated by other agents, in particular Ca 2ϩ -DPA. While spores that lack the cortex lytic enzyme CwlJ germinate relatively normally with nutrients, they can no longer germinate with Ca 2ϩ -DPA (42) . Indeed it appears that Ca 2ϩ -DPA released from the dormant spore soon after nutrient addition normally activates CwlJ and hence triggers cortex hydrolysis (42) . While CwlJ is clearly needed for Ca 2ϩ -DPA-triggered spore germination, it is not clear if other proteins are also required for this process. Consequently, we initiated a genetic screen to identify proteins other than CwlJ that might be involved in spore germination triggered by Ca 2ϩ -DPA. Since our genetic screen aimed to isolate mutant spores that fail to germinate only with Ca 2ϩ -DPA, we used B. subtilis strains (termed ger-3 strains) that lack all of the functional nutrient germinant receptors and consequently can germinate only with Ca 2ϩ -DPA (46) . Vegetative cells of either the ger-3a or ger-3b strains were mutagenized with EMS at a concentration of 1.5, 1.8, or 2.7%; the percentages of cell killing were 32, 87.5, and 95%, respectively, for the three EMS concentrations tested, and 4 to 50% of the survivors had mutations giving rise to either auxotrophy or asporogeny. The mutagenized cells were then enriched for mutant spores that were unable to germinate with Ca 2ϩ -DPA at a nonpermissive temperature (42°C) but were able to germinate with Ca 2ϩ -DPA at a permissive temperature (25°C), as described in Materials and Methods. Screening of the final enriched mutant spore population with a plate assay identified five mutants whose spores reduced a tetrazolium dye at the permissive temperature in the presence of Ca 2ϩ -DPA, an indication of successful spore germination, but failed to do so at the nonpermissive temperature. Analyses by phase-contrast microscopy further indicated that spores that failed to reduce the dye during Ca 2ϩ -DPA treatment remained bright while spores that reduced the dye appeared dark and swollen and thus had germinated. The spores of three mutants failed to germinate significantly at both temperatures. Presumably, these spores were recovered through the enrichment cycles by their low level of spontaneous germination, since even spores lacking all nutrient receptors exhibit a low frequency of spontaneous germination in nutrients (46) . The sporulated colonies of the putative ger mutants were picked from a replica plate, resuspended in water, and heat treated at 70°C for 30 min to kill any vegetative cells, and the spores were germinated by Ca 2ϩ -DPA at the permissive temperature, plated on nutrient agar, and left to grow at the permissive temperature. As expected, the spores of the five temperature-sensitive mutants gave rise to viable cells at the permissive temperature. In contrast, the spores of the three mutants that did not germinate with Ca 2ϩ -DPA at either temperature gave rise to viable colonies on nutrient agar at only a very low frequency, consistent with spontaneous germination (Յ 0.1% of input spores) (46) . The mutants that were recovered were then grown further and sporulated at both the permissive temperature and 37°C, the temperature that is routinely used for sporulation of B. subtilis in the laboratory. Four of the temperature-sensitive and one of the absolute Ca 2ϩ -DPA ger mutants sporulated poorly at 37°C and were not considered further. The remaining three mutants [mut-5, mut-16, and mut-76(Ts) mutants] grew and sporulated normally at 37°C. Mutations mut-5 and mut-16 were further transferred to the wild-type strain PS832 by congression, giving strains KB1 (mut-5) and KB2 (mut-16 ⌬yndDEF). The spores of the congressant strains and the temperature-sensitive mutant [mut-76(Ts)] readily exhibited their ger phenotype in the plate assay (Fig. 1) .
Mapping of the ger mutations. We determined the linkage between the ger mutations in strain KB1, strain KB2, and the temperature-sensitive mutant KB76 [ger-3b mut-76(Ts)] and the antibiotic resistance markers in the mapping strains by VOL. 185, 2003 SPORE GERMINATION WITH Ca 2ϩ -DPA 2319
on November 10, 2017 by guest http://jb.asm.org/ phage-mediated generalized transduction. Phage PBS1 was initially used to infect the mapping strains, each of which carries a selectable antibiotic marker at a specific locus in the B. subtilis genome. The PBS1 transducing lysates were then used to transduce the various ger strains to antibiotic resistance, and spores from the antibiotic-resistant transductants were tested by the plate assay for the acquisition of the wildtype spore germination phenotype. We obtained 20% cotransduction of the wild-type alleles of the ger mutations in strains KB1 and KB2 with the MLS resistance marker located at 342°in the chromosome of the mapping strain 1A645. The frequency of cotransduction increased with the use of strains KB12 (katX-lacZ cat) and KB9 (ywhElacZ cat), reaching 100% with the use of strain KB8 (ywdLcat), indicating a close linkage of the ger mutations in strains KB1 and KB2 to a locus around or in the ywdL gene. There was no cotransduction between the ger mutations and the Sp r marker in strain PS2355 (⌬sspF::spc). For refined mapping, chromosomal DNAs from strains KB8, KB18 (spsA::ermC), and KB25 (spsL::spc) were used to transform strain KB2 to antibiotic resistance. One hundred of the transformants were sporulated and tested for germination by Ca 2ϩ -DPA. The cotransformation frequencies for the ger mutation from strain KB2 were 99% with the Cm r marker in ywdL, 92% with the MLS r marker in spsA, and 32% with the Sp r marker in spsL (data not shown), indicating that the ger mutation in strain KB2 lies very close to ywdL. These cotransformation frequencies are consistent with the location of ywdL 300 bp away from spsA and 10 kb away from spsL.
We obtained 72% cotransduction between the temperaturesensitive ger mutation in strain KB76 [ger-3b mut-76(Ts)] and the antibiotic marker at the amyE locus 45 kb from cwlJ in strain KB11 (amyE::ermC). This value is similar to the frequency of cotransduction obtained between the antibiotic marker at the amyE locus and the antibiotic marker in cwlJ when strain FB111 (⌬cwlJ) was infected with a phage lysate from strain KB11 (data not shown).
Identification of Ca 2؉ -DPA ger mutations in cwlJ and ywdL. Since the mapping experiments had localized the temperaturesensitive ger mutation close to or in cwlJ and the other two ger mutations close to or in ywdL, we PCR amplified the regions encompassing each gene from both the parental (PS832) and mutant (KB1, KB2, and KB76) strains. Two independent PCR amplifications were performed for each mutant and parental DNA, and each PCR product was sequenced in duplicate to minimize the possibility of errors during PCR or DNA sequencing.
The cwlJ allele in strain KB76 differed from the parental gene in a G-to-A transition that changed an aspartate residue (D) to asparagine (N) at position 47 of the cwlJ ORF [D 47 (GAT)3N (AAT)] (data not shown). This residue is aspartate in CwlJ homologs from B. anthracis, B. cereus, B. halodurans, and B. stearothermophilus. To confirm that this change alone was responsible for the temperature-sensitive spore germina-
FIG. 1. Germination of spores with Ca
2ϩ -DPA at 42 and 25°C as determined by the plate assay. Well-sporulated colonies were transferred onto a filter paper and incubated with Ca 2ϩ -DPA, glucose, and a tetrazolium dye at either 42 or 25°C as described in Materials and Methods. Colonies of germinated spores appear red, due to their ability to carry out metabolism and reduce the tetrazolium dye, while colonies of dormant spores appear brown, because they do not reduce the dye. Horizontal rows of colonies (numbered in the center) are from the following strains: 1, PS832 (wild type); 2, KB1 (mut-5); 3, KB2 (mut-16 ⌬yndDEF); 4, KB76 [ger-3b mut-76(Ts)]; 5, KB29 (⌬ywdL); and 6, FB111 (⌬cwlJ). Note that ⌬cwlJ spores do not germinate with Ca 2ϩ -DPA at either temperature.
tion phenotype of strain KB76, the transcription unit of cwlJ from strain KB76 was inserted at the amyE locus of strain FB111 (⌬cwlJ), giving strain KB57, in which the only copy of cwlJ is that from the mut-76(Ts) isolate. The germination phenotype of spores of strain KB57 [⌬cwlJ cwlJ76(Ts)] with Ca 2ϩ -DPA was temperature sensitive as tested by the plate assay (data not shown), indicating that the point mutation giving the D47N change in CwlJ is sufficient to render spores temperature sensitive for germination by Ca 2ϩ -DPA. Interestingly, we transferred the cwlJ76(Ts) mutation into the wild-type strain PS832, thus creating a merodiploid (strain KB56) in which both wild-type and mutant forms of CwlJ are present. Spores of the merodiploid strain did germinate with Ca 2ϩ -DPA at 42°C as tested by the plate assay, but the overall process was much slower than that of the wild-type spores under the same conditions (data not shown). This result indicates that the temperature-sensitive CwlJ is interfering with the function of the wild-type protein and suggests that functional CwlJ may be oligomeric. Indeed, recent work suggests that CwlJ may be at least dimeric (8) . Both the mutant and wild-type versions of CwlJ from our laboratory strain PS832 differed from the published cwlJ sequence (http://genolist.pasteur.fr/SubtiList/) in the presence of an arginine residue at position 86 instead of glycine [R 86 
(CGG) instead of G 86 (GGC)] (data not shown). This residue is also an arginine in the CwlJ homologs from B. cereus, B. anthracis, and B. halodurans and is a glutamine in B.
stearothermophilus, and this difference is not a result of our mutagenesis.
Strains KB1 (mut-5) and KB2 (mut-16 ⌬yndDEF) were found to carry mutations in the coding sequence of ywdL. (Fig. 2) . The mut-5 and mut-16 mutations will be subsequently referred to as ywdL5 and ywdL16. The ger phenotype of spores of the ywdL5 and ywdL16 mutants was duplicated by deletion of the majority of the coding region of ywdL and its replacement with an Sp r cassette in strain KB29. This ⌬ywdL strain grew and sporulated normally, but the spores were not able to germinate with Ca 2ϩ -DPA as tested by both the plate assay and phase-contrast microscopy ( Fig. 1 and data not shown) . In addition, the Ca 2ϩ -DPA-induced germination of spores carrying the ywdL5 and ywdL16 mutations was restored to wild type when the KB1 and KB2 strains were complemented with a DNA fragment containing the putative promoter and ORF of ywdL (data not shown) (Fig. 2) . These results confirm that the mutations in isolates KB5 (ger-3b mut-5) and KB16 (ger-3a mut-16) are in ywdL and indicate that spores lacking ywdL do not germinate with Ca 2ϩ -DPA. Role of YwdL in spore germination. It is clear from the results presented above that YwdL is essential for spore germination triggered by Ca 2ϩ -DPA. The obvious question that arises is whether YwdL also plays a role in spore germination triggered by nutrients. To answer this question, spores of various ywdL mutant strains were incubated with nutrients and their germination was measured by monitoring the change in OD 600 . With wild-type spores there is normally a fall of ϳ50% in the OD 600 during the initial minutes of incubation as a result of changes that occur early in spore germination, in particular, DPA release and spore core expansion due to cortex hydrolysis and water uptake (47, 56) . The increase in the OD 600 at later time points in such incubations is due to spore outgrowth eventually leading to vegetative growth. The ability of the spores to hydrolyze their cortex and ultimately give rise to viable cells in response to nutrients can be further estimated by measurement of their ability to form colonies on nutrient agar plates. These analyses ( Fig. 3A; Table 2 ) indicated that spores with mutations in ywdL were able to germinate relatively normally in nutrients, although slightly slower than wild-type spores.
Since it is only the Ca 2ϩ -DPA-induced germination that is affected in ywdL mutants, and knowing that one protein essential for Ca 2ϩ -DPA germination is CwlJ (42), an obvious possibility is that YwdL is required in some fashion for the function of CwlJ. In an early experiment mutants KB2 and FB111 (⌬cwlJ) were transformed with the cwlJ transcription unit and tested for their germination with Ca 2ϩ -DPA. Although spores of FB111 were complemented by cwlJ and did germinate with Ca 2ϩ -DPA, KB2 spores were not complemented and did not germinate with Ca 2ϩ -DPA as tested by the plate assay (data not shown). This indicated that the extra wild-type copy of cwlJ did not rescue the phenotype of ywdL16 mutant spores and therefore that mutations in ywdL likely affect the function of CwlJ. To determine whether YwdL is acting through CwlJ, we first examined the effect of ywdL mutations on spore germination by nutrients when the only active cortex lytic enzyme present is CwlJ. For this purpose we introduced a sleB mutation into ywdL mutant strains. As found previously, sleB spores germinated normally in nutrients, and the percentage of these spores forming viable colonies on nutrient agar plates was similar to that of wild-type spores, indicating that cortex hydrolysis in sleB spores can be completed ( Fig. 3B; Table 2 ). However, spores from the sleB ⌬ywdL strain behaved like spores of the cwlJ sleB strain, which previously have been shown to go through the initial stages of germination (27, 56) but are unable to hydrolyze their cortex and hence do not give rise to viable colonies on nutrient agar plates ( Fig. 3B ; Table  2 ). Spores of both the sleB ⌬ywdL and cwlJ sleB strains showed similar changes in OD 600 during incubation with nutrients and gave a very low frequency of viable colonies on nutrient agar plates ( Fig. 3B ; Table 2 ). The spore DPA content and its release during germination were similar for wild-type, cwlJ sleB, and sleB ⌬ywdL spores, suggesting that it is at the step of cortex hydrolysis that germination of sleB ⌬ywdL spores is arrested, as has been shown to be the case for cwlJ sleB spores (27, 56) (data not shown). We obtained the same results for sleB ywdL5 and sleB ywdL16 spores ( Table 2 ), suggesting that the premature stop codon in ywdL5 and ywdL16 results in a ⌬ywdL phenotype. From these results it is evident that in the absence of YwdL, CwlJ is not functioning. This is why ywdL spores are unable to germinate fully under those conditions when CwlJ is absolutely essential, namely, germination with exogenous Ca 2ϩ -DPA or with nutrients when SleB is not present to carry out cortex hydrolysis.
Localization of CwlJ and coat structural integrity in ywdL spores. The results given above indicated that ywdL mutations act by eliminating CwlJ function. Previous work has shown that cwlJ is expressed in the mother cell compartment of the sporu- (15, 27) . It was thus formally possible that YwdL is required in some fashion for expression of cwlJ. To test this possibility, we constructed a translational cwlJ-lacZ fusion and measured the ␤-galactosidase specific activity in sporulating cells of strains KB65 (cwlJ-lacZ) and KB66 (cwlJ-lacZ ywdL). We found no effect on cwlJ expression when YwdL was absent (data not shown), indicating that YwdL might be required either for CwlJ activity directly or for CwlJ localization or stability in the spore coats. To test whether CwlJ is localized normally in spores in the absence of YwdL, extracts were prepared from spores also carrying a functional Histagged CwlJ in either wild-type, ⌬ywdL, or ywdL16 strains, and the extracts were analyzed for the CwlJ-His tag by Western blot analysis. While the CwlJ-His tag protein was readily detected in wild-type spore extracts (Fig. 4, lanes 1 ), we were unable to detect this protein in spores with the ⌬ywdL and ywdL16 mutations or in wild-type spores lacking the cwlJ-His tag fusion (Fig. 4, lanes 2, 3, and 4) . The CwlJ-His tag protein was also absent from both the soluble and insoluble fraction of the ywdL spore extracts (Fig. 4, lanes 2 and 4 , and data not shown). The absence of CwlJ from ywdL spores explains why they are unable to germinate with Ca 2ϩ -DPA, since CwlJ is required for this process. The lack of germination of sleB ywdL spores in nutrients is also consistent with the absence of CwlJ from these spores.
The finding that ywdL spores lack CwlJ and the knowledge that CwlJ is a coat protein (5, 8) suggest that ywdL spores may have a general spore coat defect. One such general defect is caused by the lack of the coat morphogenetic protein CotE; when CotE is absent, the assembly of the spore's outer coat is perturbed (64) . Indeed, levels of CwlJ are greatly reduced in cotE spores (5) . To test the integrity of the coats in spores of FIG. 3 . Germination of spores in nutrients. (A) Spores of the wild-type strain PS832 (s) or mutant strain KB1 (ywdL5) (छ), KB2 (ywdL16) (E), or KB29 (⌬ywdL) (OE) were heat activated and incubated in 2ϫ YT medium with 10 mM L-alanine at 37°C. The OD 600 of each sample was measured at various time intervals [OD 600 (t)] and plotted as the fraction of the initial OD 600 at time zero [OD 600 (t)/OD 600 (t 0 )] versus time. (B) Spores from wild-type strain PS832 (s) or mutant strain FB112 (⌬sleB) (F), FB113 (⌬cwlJ ⌬sleB) (छ), or KB30 (⌬sleB ⌬ywdL) (OE) were germinated in nutrients, and the OD 600 of each sample was measured as described above .   FIG. 4 . Localization of CwlJ-His tag in spore extracts of various strains. The insoluble fraction of the extract from 1 mg of spores of strains PS3449 (cwlJ-His tag) (lanes 1), KB33 (cwlJ-His tag ⌬ywdL) (lanes 2), KB29 (⌬ywdL) (lane 3), and KB34 (cwlJ-His tag ywdL16) (lane 4) was run on an SDS-12.5% polyacrylamide gel. Each lane contains protein from 1 mg (dry weight) of spores. The gel was blotted onto an Immobilon-P membrane (Millipore) that was hybridized with anti-His tag monoclonal antibody (Novagen) as outlined in Materials and Methods. An extract from spores of strain KB29 (lane 4) that lacks the CwlJ-His tag served as a negative control for the anti-His tag antibody. The arrow indicates an immunoreactive product at ϳ50 kDa (with no His tag attached) that has been seen previously (5) and that we use here as a rough indication of protein levels. The CwlJ-His tag runs as a wide band of ϳ18 kDa as shown previously (5) . Only a portion of the Western blot is shown, and the numbers shown at the left indicate the migration positions of protein molecular mass markers in kilodaltons. The same experiment was run for the soluble fraction of the spore extracts, where CwlJ-His tag was not found (data not shown), as reported previously (5). Ϫ a Heat treated spores were prepared at an OD 600 of 1, and then serial dilutions of spores in water were spotted on LB agar plates and incubated at 30°C for 24 h and the CFU per milliliter were determined as described in Materials and Methods. Values shown are the averages from two independent experiments. The individual experimental values were within 45% of the average.
b Spores at an OD 600 of 1 were incubated in 60 mM Ca 2ϩ -DPA (pH 8.0) at 25°C for 1 h and then checked by phase-contrast microscopy for spore germination. ϩ and Ϫ, 99% germinated and dormant spores, respectively.
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on November 10, 2017 by guest http://jb.asm.org/ various strains, spores of wild-type, ywdL5, ywdL16, ⌬ywdL, and cotE strains were treated with either lysozyme or sodium hypochlorite. Spores that lack the major coat morphogenetic protein CotE are killed rapidly by treatment with either lysozyme (64) or sodium hypochlorite (S. B. Young and P. Setlow, unpublished data). However, the spores of all ywdL mutants exhibited resistance to both lysozyme and sodium hypochlorite that was essentially identical to that of wild-type spores, while cotE spores were much more sensitive, as expected (data not shown). Treatment of spores with sodium hypochlorite was done for both short and longer time periods (2 to 60 min), and both ywdL and wild-type spores showed similar levels of survival (data not shown). These data indicate that the ywdL mutations do not cause a gross defect in spore coat assembly as does a cotE mutation. Expression of ywdL during sporulation. Since ywdL mutations affect the level of CwlJ in dormant spores and CwlJ is a coat protein, an obvious suggestion is that YwdL itself is a spore coat protein. To examine this possibility, we first measured ywdL expression during growth and sporulation by using a translational ywdL-lacZ fusion. The expression of ␤-galactosidase from this fusion was absent in vegetative cells, and it began at the second hour in sporulation, reaching maximum levels at the fourth hour (Fig. 5A) . The level of expression was exceptionally high, reaching a peak specific activity of 1,600 Miller units before falling (Fig. 5A) . The fall in ␤-galactosidase specific activity could be due either to the inactivation of the enzyme when it is no longer synthesized or to its synthesis in the forespore and subsequent sequestering in the dormant spore, where ␤-galactosidase cannot be assayed without removing the spore coats (35) . Since there was no ␤-galactosidase activity in decoated spores of the ywdL-lacZ strain (data not shown), the enzyme is likely not synthesized in the forespore and inactivation of the enzyme is the most probable reason for the fall in its specific activity. Analysis of the RNA polymerase sigma factor dependence of ywdL expression indicated that ywdL expression was abolished when either the F or E transcription factor was absent (Fig. 5B) . However, when either G or K was absent, ywdL expression continued for longer than in the wild-type strain (Fig. 5B) , perhaps due to the loss of regulation when G or K is absent. Since E activity depends on the function of F , but not vice versa (49) , these data indicate that the transcription of ywdL depends on E . This further indicates that ywdL is expressed only in the mother cell compartment of the sporulating cell. In agreement with these studies, a microarray analysis of the transcriptional profile during sporulation of wild-type and sigE strains also indicates that ywdL is a member of the E regulon (15) . Localization of YwdL in dormant spores. Having established that ywdL is expressed during sporulation, we next asked whether YwdL is present in the dormant spores or whether it functions during sporulation without being a spore structural component. To answer this question we studied the localization of the GFP from Aequoria victoria fused to YwdL. The YwdL-GFP construct was inserted in the B. subtilis chromosome such that YwdL-GFP is the only copy of YwdL that is expressed (see Materials and Methods). Midway in sporulation, the YwdL-GFP appeared as a bright dot adjacent to the developing spore ( Fig. 6A and B) , while at later times the protein appeared to be around the spore's periphery (Fig. 6B and C). No confocal microscopy was done to definitely establish if YwdL-GFP is localized in a complete shell around the spore. The peripheral localization of YwdL-GFP was also seen in the majority of the dormant spores after their release and the mother cell lysis, as 70% of the dormant spores were surrounded by YwdL-GFP, although in a significant number (30%) YwdL-GFP appeared as a bright dot instead (data not shown). The latter spores could have a mislocalized YwdL, as the YwdL-GFP may not be fully functional. To test whether YwdL-GFP functions normally, we moved the ywdL-gfp fusion to a sleB strain and tested the germination of the resultant FIG. 5 . (A) Expression of ywdL-lacZ during sporulation. Strain KB43 (ywdL-lacZ) was induced to sporulate by resuspension at time t 0 , and samples were removed for estimation of ␤-galactosidase specific activity (s) and DPA content (छ) as described in Materials and Methods. The DPA curve is used here as a marker of the progression through sporulation. (B) Expression of ywdL-lacZ in strains that lack one of the sporulation-specific RNA polymerase factors. Strains KB46 (sigF ywdL-lacZ) (E), KB45 (sigE ywdL-lacZ) (OE), KB47 (sigG ywdL-lacZ) (F), KB44 (sigK ywdL-lacZ) (‚), and KB43 (ywdL-lacZ) (s) were induced to sporulate by resuspension, and the ␤-galactosidase specific activity was determined as described for panel A. The maximum ␤-galactosidase specific activity of strain PY79, which was induced to sporulate in parallel with the mutant strains, was found to be 4 Miller units. spores in nutrients. If YwdL-GFP was nonfunctional, we expected a phenotype similar to that of a sleB ywdL strain (Table  2 ; Fig. 3 ). However, while sleB ywdL spores exhibited Ͻ0.01% of the CFU of wild-type spores in nutrients, sleB ywdL-gfp spores had only a 10-fold decrease in their CFU in nutrients ( Table 2 ). The localization of YwdL-GFP in sleB spores was also essentially identical to that observed in the wild-type spores (data not shown). Presumably the spores from the sleB ywdL-gfp population that did not germinate in nutrients have a mislocalized YwdL-GFP and thus a nonfunctional CwlJ; however, this is only speculation at present. We also observed by phase-contrast microscopy that none (Ͻ1%) of the sleB ywdLgfp spores germinated with exogenous Ca ϩ2 -DPA (Table 2) . Together, these results suggest that since there is some YwdL function observed in sleB ywdL-gfp spores, at least some YwdL-GFP is functional. To further test the localization pattern of YwdL in the ywdL16 mutant, where at most only the first 122 amino acids (aa) of the protein are expressed, we made a construct in which gfp is fused to only that part of YwdL. In contrast to the specific localization we observed when the complete YwdL was fused to GFP, with this truncated YwdL-GFP fusion the GFP fluorescence was uniformly distributed in the cytoplasm of the mother cell compartment during sporulation (data not shown). To check whether the GFP moiety was indeed linked to the truncated YwdL, we analyzed the sizes of these proteins by Western blot analysis with anti-GFP antibodies as described in Materials and Methods, and both the complete and 122-aa YwdL were indeed linked to GFP (data not shown). A control strain that was made with just the first 3 aa of YwdL fused to GFP also gave the same uniform mother cell distribution during sporulation (data not shown), as expected. These results indicate that while the complete YwdL is specifically associated with the developing forespore during sporulation, the truncated protein from the ywdL16 mutant is not.
Results from both the gene expression and YwdL-GFP localization studies indicate that YwdL is specifically expressed during sporulation, is found in the dormant spores, and is likely a coat protein. Examination of YwdL-GFP in germinated spores gave a localization pattern generally similar to that observed in dormant spores, although germinated spores are swollen due to core expansion and cortex hydrolysis (Fig. 6D , E, and F). We also observed a number of outgrowing ywdL-gfp spores in which the YwdL-GFP was localized in the remnants of the spore coats that have cracked open and are in the process of being shed ( Fig. 6D and F) . These results further support the assignment of YwdL as a spore coat protein.
Dependence of YwdL localization on other spore coat proteins. The results given above indicate that YwdL is somehow involved in the assembly, localization, or stability of CwlJ and further that YwdL is a spore coat protein itself. An obvious question concerns the dependence of YwdL localization on other proteins important in spore coat morphogenesis. Consequently, we studied the localization pattern of YwdL-GFP in the absence of either of two proteins (CotE and SpoIVA) that are known to have dramatic effects on the assembly of the spore coat (10) . SpoIVA is essential for the anchorage of the coats on the forespore (54) . Sporulating cells of a spoIVA null mutant fail to synthesize a cortex, and the coat is misassembled as swirls within the mother cell rather than being deposited on the outside surface of the forespore (54) . CotE is essential for the assembly of mostly proteins that form the outer spore coat as well as a few proteins of the inner spore coat (10) . Midway during sporulation of the spoIVA ywdL-gfp strain, instead of one bright dot next to the forespore we observed multiple dots distributed throughout the mother cell cytoplasm but not adjacent to the developing spore (Fig. 6I) . This result is consistent with SpoIVA being needed for YwdL assembly on the spore coat, as in the absence of SpoIVA, any coat protein is expected to be distributed throughout the mother cell compartment (54) . Three hours after the onset of cotE ywdL-gfp sporulation, we observed a bright dot next to the forespore as seen in the wild-type strain (Fig. 6G) . However, 7 h after the onset of cotE ywdL-gfp sporulation, YwdL-GFP was often diffuse in the mother cell cytoplasm instead of localizing around the periphery of the forespore (Fig. 6H) . This result indicates that CotE is also required for YwdL-GFP localization on the periphery of the spore.
Since localization of CwlJ in the dormant spores depends on CotE (5) as well as YwdL, we also checked YwdL-GFP localization in sporulating cells of the cwlJ ywdL-gfp strain. We found no difference in YwdL-GFP localization from that observed in the spores of the wild-type ywdL-gfp strain (data not shown). This finding indicates that CwlJ is not required for localization of YwdL in the spore coat.
DISCUSSION
In our search for proteins that are involved in the germination of B. subtilis spores with Ca 2ϩ -DPA, we isolated mutants that no longer respond to this chemical and therefore cannot germinate and generate viable cells. We isolated three mutations that identified two genes that are essential for spore germination with Ca 2ϩ -DPA. One mutation that resulted in temperature-sensitive germination with Ca 2ϩ -DPA was due to a change of a conserved aspartate residue to asparagine in the cortex lytic enzyme CwlJ. Previous work has shown that endogenous DPA released during spore germination activates CwlJ, providing a link between the germination signal being received by the germinant receptors and the cortex hydrolysis that follows (42) . Since spore germination can be triggered by exogenous DPA as well, we reasoned that CwlJ is in a location accessible by exogenous DPA. Indeed, previous studies have shown that CwlJ is localized in the spore coats (5, 8) . However, we still do not know if there is some receptor for Ca 2ϩ -DPA that might interact with CwlJ, and we also have not established whether the mutation we found in CwlJ affects its catalytic function during cortex hydrolysis or its activation by Ca 2ϩ -DPA.
The other two mutations identified an additional component essential for Ca 2ϩ -DPA-induced germination, the protein of hitherto-unknown function termed YwdL. The role of YwdL in spore germination appears to be due to its importance in ensuring the presence of CwlJ in the spore coats. However, it is not yet clear how YwdL functions in this process. YwdL might serve as an anchor for CwlJ in the coats, might form some sort of a chaperone ensuring CwlJ assembly in the coats, or might even protect CwlJ from degradation by the large amount of proteases present in the sporulation medium, which potentially have access to CwlJ after mother cell lysis. This last point could be addressed in the future by examining total CwlJ levels in ywdL strains prior to and after mother cell lysis.
YwdL and CwlJ are synthesized in the same compartment of the sporulating cell, at about the same time in sporulation (15, 27 ; this work). Their coding genes are also transcribed by RNA polymerase with the same sigma factor. While these two genes are well separated on the B. subtilis chromosome, they appear to be in an operon in other Bacillus species whose genomes have been sequenced. This is further evidence, albeit circumstantial, for some functional relationship between the products of these genes. Interestingly, the other B. subtilis spore cortex lytic enzyme, SleB, is also encoded by a gene in a bicistronic operon, with the gene following sleB, termed ypeB, again encoding a protein that is essential for either the localization or stabilization of SleB in the spore (8) .
Although YwdL is needed in some way for the presence of CwlJ in the spore coats, YwdL is not a major coat morphogenetic protein like CotE or SpoIVA; ywdL spores are not lysozyme or hypochlorite sensitive, and there was no change in the levels of detectable coat proteins extracted from wild-type and ywdL spores (K. Ragkousi, A. Driks, and P. Setlow, unpublished data). The localization of SleB, which has also been suggested to be in or adjacent to the spore coats (8, 40) , is also not affected in ywdL spores, since this enzyme is still functional. However, it is possible that some coat defect may become evident in ywdL spores upon further analysis. The primary amino acid sequence of YwdL is highly conserved among Bacillus species, especially in the carboxy-terminal region (Fig. 7) . Although there is little amino acid homology at the amino terminus, there is a high content of glutamine, glycine, and proline residues present in this part of the protein in all Bacillus species (Fig. 7) . However, the amino acid sequence of this part of the protein gives no clear indication of its functional significance.
Interestingly, while endogenous Ca 2ϩ -DPA can activate the germination of ywdL-gfp spores, indicating normal CwlJ function, exogenous Ca 2ϩ -DPA cannot. Unfortunately, we do not know the precise details of CwlJ localization in the spore coats and its activation by Ca 2ϩ -DPA. Consequently, it is not clear why the fusion of the carboxy-terminal region of YwdL to GFP interferes with CwlJ activation by exogenous Ca ϩ2 -DPA. However, since the ywdL16 mutant does not germinate with Ca 2ϩ -DPA and does not contain CwlJ and GFP fused to this truncated YwdL does not localize properly during sporulation, presumably some or all of the 59 aa at the carboxy terminus of YwdL are essential for its proper localization and hence the proper localization of CwlJ as well.
An interesting feature of YwdL is its localization pattern during sporulation. Initially, YwdL-GFP is assembled in a dot adjacent to the forespore. A similar pattern has been observed with the coat morphogenetic proteins CotE and SpoIVA, although the latter proteins appear to localize initially in arc-like structures adjacent to the forespore (11, 52) . In the absence of CotE, YwdL-GFP is initially targeted to the forespore but does not assemble around the spore. In the absence of SpoIVA, however, YwdL-GFP is not even targeted adjacent to the forespore. These results fit well with the model in which SpoIVA localizes and attaches the precoat to the forespore before CotE assembles itself and other proteins into the mature coat (10) .
Both CwlJ and YwdL seem to be outer coat proteins, since both depend on the presence of CotE for their localization, although some inner coat proteins are CotE dependent (10) . If the levels of the translational fusion of ywdL to ␤-galactosidase are indicative of the protein levels in the cell, we would expect YwdL to be a highly abundant protein. However, until recently YwdL has not been identified in coat protein extracts. YwdL has been recently identified in a proteomic study (30) , but it appears to be at most a minor coat protein, which is at odds with the very high level of expression of ywdL-lacZ. One possibility is that the great majority of YwdL in the spore is in that fraction of spore coat protein that cannot be extracted. Approximately 30% of total coat protein is not extracted by procedures using alkali, detergents, or both (63) . The reasons for the formation of this insoluble coat fraction are not clear, although both dityrosine cross-links and isopeptide bonds involving glutamine residues via transglutaminases have been suggested to contribute to the formation of a protein complex that is difficult to solubilize (10) . It is notable that YwdL has a FIG. 7. Protein sequence alignment of YwdL from various Bacillus species. Asterisks below the aligned sequences indicate identical residues in that column, double dots indicate well conserved residues, and single dots indicate poorly conserved residues (as determined from the ClustalW website). The residues that were altered in strains KB1 and KB2 (Gln 39 on November 10, 2017 by guest http://jb.asm.org/ high content of both glutamine and tyrosine residues (Fig. 7) . We have also found that ywdL-gfp spores retain their YwdL-GFP after decoating as seen in the fluorescence microscope (K. Ragkousi and P. Setlow, unpublished data). Whatever the location of YwdL in the spore coats, it is clear that this protein has an effect on spore germination. Because of the significant role of YwdL in a part of the spore germination process, we propose the renaming of this protein as a Ger protein, GerQ, with the coding gene being renamed gerQ. Other spore coat proteins are also involved in spore germination in some fashion. Thus, gerE spores, which do not make a number of coat proteins and appear to have defective coats are severely impaired in their germination (37) . In addition, GerP proteins play a role in germination by enabling the access of germinants to their receptors localized in the spore's inner membrane (6) . While coat proteins could be involved in spore germination in distinct ways, it is still unclear how a protein such as CwlJ that is localized in the coat, a layer separated from the cortex by the outer spore membrane, is able to hydrolyze the cortex peptidoglycan. Perhaps the outer membrane is not complete (12) and the cortex is normally accessible to coat proteins such as CwlJ, which are only activated by signals following the release of DPA. Another possibility is that DPA release from the spore core alters the cortex structure in some fashion (47) such that it bulges into the coat area where it becomes exposed to the cortex lytic enzymes. Clearly, understanding of how the spore coats are involved in spore germination has only just begun to take shape.
